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ABSTRACT The mechanism of cell cycle withdrawal dur-
ing terminal differentiation is poorly understood. We report
here that the cyclin-dependent kinase (CDK) inhibitor
p21ciPl/wAFl is induced at early times ofboth keratinocyte and
myoblast differentiation. p2jCiPl/WAF1 induction is accompa-
nied by a drastic inhibition of total Cdk2, as well as
p21CiPl/wAFl-associated CDK kinase activities. p21ciPl/wAFl
has been implicated in p53-mediated G, arrest and apoptosis.
In keratinocyte differentiation, Cipi/WAFi induction is ob-
served even in cells derived from p53-null mice. Similarly,
keratinocyte differentiation is associated with induction of
Cipi/WAFI promoter activity in both wild-type and p53-
negative keratinocytes. Induction of the Cipi/WAF) promoter
upon differentiation is abolished by expression of an adeno-
virus EIA oncoprotein (dl922/947), which is unable to bind
p105-Rb, p107, or cyclin A but which still binds the nuclear
phosphoprotein p300. Overexpression of p300 can suppress
the ElA effect, independent of its direct binding to E1A. Thus,
terminal differentiation-induced growth arrest in both kera-
tinocyte and myoblast systems is associated with induction of
Cipi/WAFI expression. During keratinocyte differentiation,
Cipi/WAFJ induction does not require p53 but depends on the
transcriptional modulator p300.

The mechanisms responsible for cell cycle arrest in terminally
differentiating cells are poorly understood. Progression
through the cell cycle is controlled by activation of a series of
cyclin-dependent kinases (CDKs; ref. 1). In addition to posi-
tive regulation by cyclins, CDK activity is regulated by phos-
phorylation or dephosphorylation at specific residues, as well
as by association with a number of inhibitory proteins (2).
Among these, a 21-kDa protein (p21CiPl/wAFl) has been
identified, which binds in quaternary complexes with CDK
kinases, their associated cyclins, and the proliferating cell
nuclear antigen (PCNA; refs. 3 and 4). Inhibition of CDK
activity by p2lciPl/wAFl depends on the relative stoichiometric
amounts of this inhibitor in the complex (5). Besides regulating
CDK activity, p21ciPl/wAFl can directly inhibit DNA replica-
tion by blocking the ability of PCNA to activate DNA poly-
merase 5 (6, 7).

Induction of Cipl/WAFl gene expression has been previ-
ously implicated in p53-mediated growth arrest and apoptosis
(8, 9), as well as cellular senescence, quiescence, transient
growth-factor stimulation, and pharmacologically induced dif-
ferentiation of hematopoietic and hepatoma cells (10-13).
Mechanisms for the modulation of Cipl/WAFl gene expres-
sion other than by p53 activation have not been previously
described.
The adenovirus ElA oncoprotein provides a useful tool to

interfere with key cellular proteins involved in transcriptional
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and DNA synthesis control, cell cycle, and differentiation. The
amino terminal region of ElA is required for transformation
(14) and is responsible for repression of a number of viral
enhancers, as well as enhancers and promoters of tissue-
specific genes induced during differentiation (15). This region
of ElA is characterized by the ability to bind and presumably
inactivate a large nuclear phosphoprotein, p300 (15, 16). This
protein contains a bromodomain, a hallmark of several tran-
scriptional coactivators, as well as three cysteine/histidine rich
regions (16). The most carboxyl terminal of these regions is
involved in the specific binding to ElA. Overexpression of
p300 or a p300 mutant lacking the ElA-binding region can
counteract the inhibitory effects of ElA on the simian virus 40
enhancer, suggesting that p300 may function as a coactivator
molecule at complex transcriptional regulatory sites (16).
We report here that p2lCiPl/wAF1 expression is induced at

early times of keratinocyte and myoblast differentiation in
parallel with a strong decrease in total CDK2 and p21-
associated CDK activity. Induction of p2lciPl/wAFl expression
in differentiation is unlinked from p53 control, while it de-
pends on a p300-dependent mechanism. Thus, a connection
has been established between this transcriptional modulator
and a differentiation signal linked to growth arrest.

MATERIALS AND METHODS
Cell Culture. Primary keratinocytes from newborn Sencar

mice were cultivated in low-calcium (0.05 mM) medium as
described (17, 21). For all experiments, cells were used 1 week
after plating. Differentiation was induced by addition of 2 mM
calcium chloride.

Primary keratinocytes lacking the p53 gene were obtained
from newborn, p53-null mice (18).
C2C12 mouse myoblasts grown in 20% (vol/vol) fetal calf

serum in Dulbecco's modified Eagle's medium (DMEM) were
induced to differentiate by changing the medium to DMEM
containing 5% (vol/vol) horse serum (19).
Northern Hybridization Analysis. Total RNA from kerati-

nocytes and C2C12 myoblasts (20) was fractionated on a 1.2%
agarose/formaldehyde gel, transferred to Hybond N+ mem-
brane (Amersham), and probed with a 32P-labeled mouse
Cipl/WAFJ cDNA fragment [corresponding to 300 bp of the
published sequence (8)].

Antibodies and Immunoprecipitation Experiments. Cells
were labeled with 0.1 mCi of [35S]methionine/cysteine (1 Ci =
37 GBq; Expre35S35S; NEN) per ml for 4 h in methionine-free
medium containing serum. Cells were lysed in 250 mM NaCl,
50 mM Tris-HCl, pH 7.4/5 mM EDTA/0.1% Triton X-100, in
the presence of protease and phosphatase inhibitors. Samples
were precleared with rabbit serum coupled to protein A-

Abbreviations: CDK, cyclin-dependent kinase; TGF-,B, transforming
growth factor ,B; pRb, retinoblastoma protein; GST, glutathione
S-transferase; PCNA, proliferating cell nuclear antigen.
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Sepharose (Pharmacia) and normalized for amounts of radio-
activity. Immunoprecipitations were carried out overnight
with polyclonal antibodies against murine p2lciPl/wAFl (pro-
vided by C. Schneider; similar results were obtained with
antibodies purchased from PharMingen) or with normal rabbit
preimmune serum, as a control.

p300 immunoprecipitation experiments were performed in
the same lysis buffer by using anti-p300 monoclonal antibodies
(1:1 mixture of RW105 and RW128; ref. 16). Immunocom-
plexes were incubated with protein G-agarose (Boehringer).
Phosphatase digestion was as described (21).
For p53 immunoprecipitation, monoclonal antibodies

against wild-type murine p53 (PAb246; Oncogene Science)
were used.

Kinase Assays. Immunoprecipitations were performed as
described above, but cells were lysed in 150 mM NaCl/50 mM
Tris HCl, pH 7.4/5 mM EDTA/0.1% Tween 20. After immu-
noprecipitation, samples were washed four times with lysis
buffer and two times in kinase buffer (50 mM Hepes, pH
7.4/10 mM MgCl2/5 mM MnCl2/1 mM dithiothreitol), and
then resuspended in 50 ,ul of kinase buffer containing 5 ,uCi of
[32P]ATP (6000 Ci/mmol; NEN) and 1 ,uM ATP (Pharmacia).
Samples were incubated for 30 min at 30°C in the presence of
either 5 ,ig of histone Hi (Boehringer) or 0.2 jig of soluble
glutathione S-transferase (GST)-retinoblastoma protein
(pRb) (22). Reactions were analyzed by SDS/10% PAGE and
autoradiography.

Transient Transfections and Luciferase Assays. Primary
keratinocytes 5 days after being plated were transfected with
plasmid DNA by the DEAE-dextran technique (23) in serum-
free, low-calcium medium for 2 h, followed by dimethyl
sulfoxide shock for 1 min. The SV2neo plasmid was used as
carrier so that all dishes received the same amount of total
DNA (20 jig of DNA per 100-mm dish). Unless otherwise
indicated, transfected keratinocytes were either kept in low-
calcium medium or exposed to high calcium concentrations for
the last 24 h of a 72-h incubation period. Cells were harvested
in all cases at 72 h and luciferase assays were performed as
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described (25). Values were normalized for total protein
concentrations and expressed either as cpm x 10-4 per 10 ,ug
of cell extract or as fold induction relative to basal promoter
activity.

RESULTS
Induction of Cipl/WAFJ Expression in Keratinocyte Dif-

ferentiation. Addition of calcium to mouse primary keratino-
cyte cultures triggers a terminal differentiation program very
similar to that observed in the upper epidermal layers in vivo.
This includes induction of a number of biochemical and mor-
phological markers, as well as growth arrest (17). In contrast to
calcium, exposure of primary keratinocytes to transforming
growth factor 13 (TGF-,B) results in inhibition of cell growth but
does not induce any differentiation markers (ref. 26 and our
unpublished observations).

In a series of studies on growth-arrest mechanism associated
with keratinocyte differentiation, we measured Cipl/WAFl
expression after treatment with calcium or TGF-13. As shown
in Fig. LA, Cipl/WAFJ mRNA was induced as early as 4 h after
calcium exposure, and its expression progressively increased
up to 18-24 h, at which time DNA synthesis is almost totally
inhibited (17). Cipl/WAFl induction was specifically associ-
ated with differentiation-induced growth arrest, as it was not
observed after exposure of keratinocytes to TGF-,B (Fig. 1B).
The Pam212 keratinocyte line is resistant to calcium-

induced differentiation, while retaining sensitivity to TGF-13-
induced growth inhibition (24). Unlike primary keratinocytes,
no induction of Cipl/WAFI expression was observed with
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FIG. 1. Induction of Cipl/WAFI mRNA expression in calcium-
induced keratinocyte differentiation. (A and B) Northern blot analysis
using a mouse Cipl/WAFI-specific probe of total cellular RNA (30 jig
per sample) from mouse primary keratinocytes under growing con-

ditions (time 0) and at various times (in hours) after exposure to
calcium (2 mM) (A) or TGF-,B (3 ng/ml) (B). Specific induction of
Cipl/WAFl expression in response to calcium was confirmed by
Northern and ribonuclease protection assays in three other indepen-
dent experiments. (C) Northern blot analysis using the Cipl/WAFI-
specific probe of total RNA (20 jig per sample) from wild-type mouse
primary keratinocytes, calcium-resistant Pam212 keratinocytes, or

primary keratinocytes derived from p53-null mice. Cells were either
maintained in medium at low calcium concentrations (0.05 mM) (-)
or switched to high calcium concentrations (2 mM) for 24 h (+). The
position of RNA molecular weight markers (GIBCO/BRL) is indi-
cated. The lower panels are ethidium bromide-stained agarose gels
before the Northern transfer to show the concentration and integrity
of the various RNA samples.
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FIG. 2. Induction of p2lciPl/wAFl expression and inhibition of total
CDK2 and p21-associated CDK activity in differentiating keratino-
cytes. (A) Immunoprecipitation with anti-p21ciPl/wAFl polyclonal
antibodies of keratinocyte lysates that were either kept under growing
conditions (time 0) or induced to differentiate by increasing the
calcium for the indicated amounts of time (in hours). Keratinocytes
were labeled with [35S]methionine/cysteine for the last 4 h prior to
being harvested. Immunoprecipitates were analyzed by SDS/12%
PAGE and fluorography. The position of molecular size markers is
indicated on the left, and the position of p21 and p21-associated
proteins is indicated on the right. Identification of the latter proteins
was obtained in preliminary experiments by parallel immunoprecipi-
tations with p21-, CDK2-, CDK4-, and cyclin Dl (cyc D1)-specific
antibodies. (B) In vitro CDK2 kinase assays with extracts from
keratinocytes under growing conditions and at various times (in hours)
of calcium-induced differentiation. The position of the histone Hi,
which was used as a substrate, is indicated. (C) In vitro CDK kinase
assays with anti-p21ciPl/wAFl immunoprecipitates from keratinocyte
lysates from cells cultured either under growing conditions (time 0) or
after 24 h of calcium-induced differentiation. Histone Hi or purified
GST-pRb (Rb) protein was used as the substrate. NI, nonimmune
control.
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Pam212 cells grown in medium at low calcium concentrations
for 1 week and exposed to high calcium concentrations for 24
h (Fig. 1C).

Immunoprecipitation of [35S]methionine/cysteine-labeled
keratinocyte lysates with anti-p21ciPl/wAFl antiserum revealed
increasing amounts of labeled p2lciPl/wAFl protein by 8 h of
calcium-induced differentiation (Fig. 2A). That this increase
reflects an increase of total p21 protein levels was indicated by
a pulse-chase experiment showing that the stability of the p21
protein is not significantly affected during differentiation, as
well as by direct immunoblotting (up to 12 h; data not shown).
Among the p21-associated proteins, cyclin Dl levels remained
constant, while CDK levels did not change at early times of
keratinocyte differentiation but were somewhat decreased by
24 h (Fig. 2A).

Total CDK2 kinase activity was drastically reduced as early
as 8 h after induction of differentiation (Fig. 2B). Inhibition of
CDK activity was also found in anti-p21 immunoprecipitates
by using either histone or GST-pRb as substrates (Fig. 2C).

Induction of Cipi/WAFI Expression in Myoblast Differen-
tiation. The myoblast to myotube conversion provides another
well-characterized differentiation system. We found that in-
duction of Cipl/WAFI mRNA expression also occurs in this
system. Cipl/WAFJ mRNA levels were strongly induced 24 h
after inducing myoblast differentiation and further increased
by 48 and 72 h (Fig. 3A). Levels of the p2jcipl/wAFl protein
were also increased by 48 h of differentiation as detected by
either immunoprecipitation with anti-p21 antibodies (Fig. 3B)
or direct immunoblotting (not shown). Amounts of p21-
associated cyclin Dl remained constant, while those of p21-
associated CDKs seemed to increase (Fig. 3B). Even in this
case, total CDK2 kinase activity was drastically reduced after
induction of differentiation (Fig. 3C).

Thus, induction of p2lcipl/wAF1 expression is observed in
both keratinocyte and myoblast differentiations, in parallel
with a block of total CDK2 and p21-associated CDK activity.

Induction of Cipi/WAFI Expression in Keratinocyte Dif-
ferentiation Is Unlinked from p53 Control. Cipl/WAFJ ex-
pression was previously reported to be under p53 control (8, 9).
p53 protein expression was found to decrease in primary
keratinocytes induced to differentiate by calcium (Fig. 4A). To
determine conclusively whether p53 protein is required for
induction of Cipl/WAFl expression, primary keratinocytes
were derived from p53-null mice. Basal levels of Cipl/WAFI
mRNA were found to be lower in these cells. However, even
in p53-null keratinocytes, calcium treatment caused a signifi-
cant Cipl/WAFI mRNA induction (Fig. 1C).
To study further the mechanism of Cipl/WAFl induction

during keratinocyte differentiation, we transiently transfected
mouse primary keratinocytes with a 2.4-kb DNA fragment of
the human Cipl/WAFl promoter linked to a luciferase re-
porter gene (WWP-luc; ref. 8). Induction of this promoter
increased progressively up to 24 h (Fig. SA). A Cipl/WAFJ
promoter lacking the fully conserved p53 recognition site at its
5' end (DM-luc; ref. 8) was similarly induced upon differen-
tiation (Fig. 5B). Induction of Cipl/WAFl promoter activity
was also observed after transient transfection of primary
keratinocytes from homozygous p53-null mice (Fig. SB).
Taken together, these results indicate that Cipl/WAFl induc-
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FIG. 3. Induction of Cipl/WAFI expression and decreased CDK
kinase activity in myoblast differentiation. (A) Northern blot analysis
using the Cipl/WAFI-specific probe of total RNA (20 ,ug per sample)
from C2C12 myoblasts which were either kept in growth medium
under subconfluent (0) or freshly confluent conditions (0*), or were
induced to differentiate into multinucleated myotubes by switching to
differentiation medium for the indicated amounts of time (in days).
The lower panel is the ethidium bromide stained agarose gel before
Northern transfer. (B) Immunoprecipitation with anti-p21CiPl/wAF1 of
[35S]methionine/cysteine-labeled C2C12 myoblast lysates prepared
from cells under growing conditions or at various times (in days) after
induction of differentiation. The positions for the p2lciP1/wAF1 pro-
tein, CDKs, and cyclin Dl (cyc D1) are indicated. (C) In vitro CDK2
kinase assays with extracts from C2C12 myoblasts under growing
conditions and at 3 days after induction of differentiation. The position
of the histone Hi substrate is indicated. NI, nonimmune control.
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FIG. 4. State of p53 and p300 proteins in differentiating keratino-
cytes. (A) Immunoprecipitation with monoclonal antibodies against
wild-type murine p53 of lysates prepared from 35S-labeled primary
keratinocytes under growing conditions (time 0) or at various times (in
hours) after exposure to calcium (2 mM). Immunoprecipitation with
an unrelated monoclonal antibody was used as a negative control (-).
Immunoprecipitated proteins were separated on a SDS/10% poly-
acrylamide gel and visualized by autoradiography. The position of p53
is indicated by an arrow. (B) Immunoprecipitation with anti-p300
monoclonal antibodies of lysates prepared from 35S-labeled primary
keratinocytes under growing conditions (time 0) or at various times
after exposure to calcium (2 mM) or TGF-03 (10 ng/ml). Similar
immunoprecipitates from keratinocyte lysates prepared from cells
either in low-calcium medium (low) or switched to 2 mM calcium
concentration (high) for 24 h were incubated with (+) or without (-)
calf intestine alkaline phosphatase (C.I.P.). Immunoprecipitated pro-
teins were separated on an SDS/5% polyacrylamide gel/0.17% bisac-
rylamide and visualized by autoradiography. Preliminary experiments
showed that the broad band in the 300-kDa range (marked with
arrows) was specifically immunoprecipitated by the p300-specific
antibodies. A similar comigrating band was also found after immu-
noprecipitation ofElA-transformed Pam212 keratinocyte lysates (24)
with anti-ElA antibodies. The weak band in the '200-kDa range is
nonspecific, as it was detectable even after immunoprecipitation with
antibodies unrelated to p300.
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FIG. 5. Control of Cipl/WAFI promoter activity in differentiating keratinocytes. (A) Mouse primary keratinocytes in low-calcium medium were
transiently transfected with a plasmid carrying the human Cipl/WAFI promoter (WWP-luc; ref. 8). Transfected keratinocytes were either kept in
low-calcium medium (0) or exposed to high calcium concentrations (2 mM) for the indicated times (in hours) prior to termination of the experiment
(72 h after transfection). All conditions were tested in duplicate samples and the experimental variation is indicated (bars). (B) Primary keratinocytes
from wild-type (p53 +/+) or p53-null mice (p53-/-) were transfected with the 2.4-kb Cipl/WAFI promoter (WWP-L) or a shorter fragment that
lacks the fully conserved p53 recognition site (DM-L; ref. 8), as indicated. Transfected cells were either kept in low calcium medium (-) or switched
to high calcium concentrations (+) for the last 24 h of a 72-h incubation period. (C) Mouse primary keratinocytes in low-calcium medium were
transfected with the WWP-luc plasmid (5 jig per 100-mm dish) alone or together with decreasing amounts of the ElA 922/947 plasmid (26) as
indicated. Transfected keratinocytes were either kept in low-calcium medium (-) or exposed to high calcium (2 mM) (+) for 24 h. (D) Mouse
primary keratinocytes in low-calcium medium were transfected with the WWP-luc plasmid (2,g per 60-mm dish) alone or together with decreasing
amounts of the ElA 922/947 plasmid (26) plus or minus a cytomegalovirus expression plasmid carrying either a complete p300 cDNA (4 ,ug per
60-mm dish) or a mutated p300 cDNA which lacks the ElA binding region (p300del-30; ref. 16). Transfected keratinocytes were either kept in
low-calcium medium or exposed to high calcium concentrations for 24 h. Similar results were obtained in four other independent experiments.

tion in differentiating keratinocytes is paralleled by increased
promoter activity and is independent of p53 control.

Induction of Cipl/WAFi Expression in Keratinocyte Dif-
ferentiation Is Dependent on the Transcriptional Modulator
p300. The product of the adenovirus EJA oncogene interferes
with cell growth and differentiation by binding and inactivating
a number of cellular growth regulatory proteins (14). We
tested whether ElA could interfere with the induction of
Cipl/WAFI expression, as assayed by transient transfection of
primary keratinocytes with the WWP-luc gene. Cotransfection
of a fully transforming EIA gene or anElA mutant able to bind
to p105-Rb, p107, p130, or p60-cyclin A but not to the
transcriptional modulator p300 (14, 24), drastically decreased
the activity of the Cipl/WAFJ promoter in keratinocytes
irrespective of their growing or differentiating conditions (our
unpublished observation). In contrast, an ElA mutant (ElA
922/947) which does not interact with the pRb family but still
binds to p300 (14, 24) did not significantly affect the basal
activity of the Cipl/WAFJ promoter but suppressed its induc-
tion by calcium in a dose-dependent fashion (Fig. SC). We
tested whether this effect was due to binding of ElA to p300

by transfecting primary keratinocytes with the EIA gene with
or without a cDNA for p300 driven by a cytomegalovirus
promoter (16). Transfection of this cDNA alone had little or

no effect on Cipl/WAFJ promoter activity in keratinocytes
under either growing or differentiating conditions (Fig. SD and
data not shown). In contrast, the ability of ElA 922/947 to
suppress Cipl/WAFl promoter induction was reversed by the
p300 cDNA (Fig. SD). Such an effect was also observed with
a mutated p300 cDNA lacking the ElA binding region
(p300del-30; ref. 16; Fig. SD). Thus, overexpression of p300 is
sufficient to restore induction of the Cipl/WAFl promoter in
differentiation.

In parallel with these findings, immunoprecipitation exper-
iments revealed that the electrophoretic mobility of the p300
protein was increased after 6 h of calcium-induced differen-
tiation (Fig. 4B). No such effect was observed after TGF-,3
treatment. The different migration rate of p300 immunopre-
cipitated from growing versus differentiating keratinocytes
was abrogated by phosphatase treatment, suggesting that
differential phosphorylation of p300 is involved (Fig. 4B).
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DISCUSSION
Three major conclusions can be derived from the present work.
Terminal differentiation in both keratinocyte and myoblast
systems is associated with induction of Cipl/WAFJ expression.
In the keratinocyte system, induction of Cipl/WAFl expres-
sion is unlinked from p53 control. Finally, induction of this
gene is dependent on the ElA-associated p300 protein.

Induction of Cipl/WAFl mRNA expression in terminally
differentiating cells is accompanied by increases in
p2lcipl/wAFl protein levels in parallel with a decrease of total
CDK2 and p21-associated CDK kinase activities. p2lciPl/wAFL-
containing complexes exist in both an active and an inactive
form, depending on their stoichiometry (5). Active complexes
appear to contain a single molecule of this inhibitor, whereas
inactive ones have multiple subunits (5). These observations,
together with the fact that upregulation of the p2lciPl/wAFl
protein was observed in both keratinocyte and myoblast
differentiation systems, point to this inhibitor as a possible
central player in cell-cycle control during differentiation.
Future work will have to establish which additional regulatory
mechanisms, such as CDK and cyclin modulation, contribute
to CDK control during differentiation and whether they may
function in a more cell-type-specific manner. However, besides
being involved in CDK control, p2lciPl/wAFI could also inhibit
DNA polymerase directly (6).
The onset of myoblast differentiation is associated with an

increase of p53 expression (27), providing a possible mecha-
nism for the observed Cipl/WAFI induction. In keratinocytes,
p53 gene expression is decreased in response to calcium. More
significant, Cipl/WAFI gene expression is induced by calcium
even in the absence of p53. Absolute levels of Cipl/WAFJ
expression are lower in the p53-null keratinocytes than in the
wild-type control. It will be interesting to determine the
modality by which p53-null keratinocytes undergo growth
arrest during differentiation, as cell-cycle control of these cells
may be significantly abnormal (28).
Very little is known about control of the Cipl/WAFl gene,

besides its being modulated by the p53 protein. Evidence for
an as yet uncharacterized p53-independent pathway for up-
regulation of this gene in human cells has been recently
presented (29). Indirect evidence has implicated the E1A-
associated p300 protein in cell-cycle control and differentia-
tion (refs. 15 and 16 and references therein). The effect on the
Cipl/WAFl promoter provides the first direct evidence that
p300 is involved in transmission of a differentiation signal
linked to growth arrest. Suppression of the calcium respon-
siveness of the Cipl/WAFI promoter by ElA was counteracted
to a similar extent by a wild-type p300 and a mutated form
lacking the ElA-binding region. This indicates that the positive
effect of p300 is not due to a functional sequestration of the
ElA protein or simple competition for ElA binding to other
p300-related proteins (30). In the absence of ElA, exogenous
p300 was unable to stimulate Cipl/WAFl promoter activity to
any significant extent in keratinocytes under either growing or
differentiating conditions. Taken together, these observations
suggest that the p300 protein is by itself not limiting but is
required for other differentiation-related factors to function.
An important role of p300 in keratinocyte differentiation is
also suggested by the fact that this factor is also required for
induction of the involucrin promoter, a well-characterized
keratinocyte differentiation marker (ref. 31 and our unpub-
lished observations).

Induction of keratinocyte differentiation is associated with
specific protein phosphorylation events (ref. 32 and references
therein). ElA has been shown to interfere with phosphoryla-
tion of the p300 protein (33), and the p300 phosphorylation
state appears to be altered during calcium-induced keratino-
cyte differentiation. Future studies will have to address the
complex interplay between protein phosphorylation, transcrip-

tional control, and cell-cycle arrest in terminally differentiating
cells.

Note Added in Proof. While this manuscript was under review, two
similar reports of Cipl/WAFI induction in myoblast differentiation
have appeared (34, 35).
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Brissette and D. Prowse for critically reading the manuscript, and D.
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by National Institutes of Health Grants AR39190 and CA16038 to
G.P.D.

1. Pines, J. (1993) Trends Biochem. Sci. 18, 195-197.
2. Hunter, T. (1993) Cell 75, 839-841.
3. Harper, J. W., Adami, G. R., Wel, N., Keyomarsi, K. & Elledge, S. J.

(1993) Cell 75, 805-816.
4. Xiong, Y., Hannon, G. J., Zhang, H., Casso, D., Kobayashi, R. &

Beach, D. (1993) Nature (London) 366, 701-704.
5. Zhang, H., Hannon, G. J. & Beach, D. (1994) Genes Dev. 8, 1750-1758.
6. Waga, S., Hannon, G. J., Beach, D. & Stillman, B. (1994) Nature

(London) 369, 574-578.
7. Li, R., Waga, S., Hannon, G. J., Beach, D. & Stillman, B. (1994)

Nature (London) 371, 534-537.
8. El-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons,

R., Trent, J. M., Lin, D., Mercer, W. E., Kinzler, K. W. & Vogelstein,
B. (1993) Cell 75, 817-825.

9. Dulic, V., Kaufmann, W. K., Wilson, S. J., Tlsty, T. D., Lees, E.,
Harper, J. W., Elledge, S. J. & Reed, S. I. (1994) Cell 76, 1013-1023.

10. Noda, A., Ning, Y., Venable, S. F., Pereira-Smith, 0. M. & Smith,
J. R. (1994) Exp. Cell Res. 211, 90-98.

11. Michieli, P., Chedid, M., Lin, D., Pierce, J. H., Mercer, W. E. & Givol,
D. (1994) Cancer Res. 54, 3391-3395.

12. Steinman, R. A., Hoffman, B., Iro, A., Guillouf, C. & Liebermann,
D. A. & El-Houseini (1994) Oncogene 9, 3389-3395.

13. Jiang, H., Lin, J., Su, Z.-z., Collart, F. R., Huberman, E. & Fisher,
P. B. (1994) Oncogene 9, 3397-3406.

14. Whyte, P., Williamson, N. M. & Harlow, E. (1989) Cell 56, 67-75.
15. Moran, E. (1993) Curr. Opin. Genet. Dev. 3, 63-70.
16. Eckner, R., Ewen, M. E., Newsome, D., Gerdes, M., DeCaprio, J. A.,

Lawrence, J. B. & Livingston, D. M. (1994) Genes Dev. 8, 869-884.
17. Hennings, H., Michael, D., Cheng, C., Steinert, P., Holbrook, K. &

Yuspa, S. H. (1980) Cell 19, 245-254.
18. Livingstone, L. R., White, A., Sprouse, J., Livanos, E., Jacks, T. &

Tlstsy, T. D. (1992) Cell 70, 923-935.
19. Yaffe, D. & Saxel, 0. (1977) Nature (London) 270, 725-727.
20. Chomczynski, P. & Sacchi, N. (1987) Anal. Biochem. 162, 156-159.
21. Brissette, J., Kumar, N. M., Gilula, N. B. & Dotto, G. P. (1991) Mo.

Cell. Biol. 11, 5364-5371.
22. Matsushime, H., Quelle, D. E., Shurtleff, S. A., Shibuya, M., Sherr,

C. J. & Kato, J.-Y. (1994) Mol. Cell. Biol. 14, 2066-2076.
23. Selden, R. F. (1992) in Current Protocols in Molecular Biology, eds.

Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman,
J. G., Smith, J. A. & Struhl, K. (Wiley, New York), pp. 9.2.1-9.2.6.

24. Missero, C., Filvaroff, E. & Dotto, G. P. (1991) Proc. Natl. Acad. Sci.
USA 88, 3489-3493.

25. Brasier, A. R., Tate, J. E. & Habener, J. F. (1989) BioTechniques 7,
1116-1121.

26. Coffey, R. J., Jr., Sipes, N. J., Bascom, C. C., Graves-Deal, R., Pen-
nington, Y., Weissman, B. E. & Moses, H. L. (1988) Cancer Res. 48,
1596-1602.

27. Haley, 0. (1993) Biochem. Biophys. Res. Commun. 192, 714-719.
28. Harvey, M., Sands, A. T., Weiss, R. S., Hegi, M. E., Wiseman, R. W.,

Pantazis, P., Giovanella, B. C., Tainsky, M. A., Bradley, A. & Done-
hower, L. A. (1993) Oncogene 8, 2457-2467.

29. Johnson, M., Dimitrov, D., Vojta, P. J., Barrett, J. C., Noda, A.,
Pereira-Smith, 0. M. & Smith, J. R. (1994) Mol. Carcinog. 11, 59-64.

30. Arany, Z., Sellers, W. R., Livingston, D. M. & Eckner, R. (1994) Cell
77, 799-800.

31. Rice, R. H. & Green, H. (1979) Cell 18, 681-694.
32. Filvaroff, E., Calautti, E., McCormick, F. & Dotto, G. P. (1992) Mol.

Cell. Biol. 12, 5319-5328.
33. Baneriee, A. C., Recupero, A. J., Mal, A., Piotrkowski, A. M., Wang,

D.-M. & Harter, M. L. (1994) Oncogene 9, 1733-1737.
34. Halevy, O., Novitch, B. G., Spicer, D. B., Skapek, S. X., Rhee, J.,

Hannon, G. J., Beach, D. & Lassar, A. B. (1995) Science 267, 1018-1021.
35. Kiess, M., Gill, R. M. & Hamel, P. A. (1995) Oncogene 10, 159-166.

Biochemistry: Missero et at


